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Summary
Background: Bronchial epithelial tight junctions (TJ) have been extensively assessed in healthy airway epithelium. However, no studies have yet assessed the effect of human rhinovirus (HRV) infection on the expression and resultant barrier function in epithelial tight junctions (TJ) in childhood asthma.
Objectives: To investigate the impact of HRV infection on airway epithelial TJ expression and barrier function in airway epithelial cells (AECs) of children with and without asthma. Furthermore, to test the hypothesis that barrier integrity and function is compromised to a greater extent by HRV in AECs from asthmatic children.
Methods: Primary AECs were obtained from children with and without asthma, differentiated into air-liquid interface (ALI) cultures and infected with rhinovirus.
Expression of claudin-1, occludin and zonula occluden-1 (ZO-1) was assessed via qPCR, immunocytochemistry (ICC), in-cell western (ICW) and confocal microscopy.
Barrier function was assessed by transepithelial electrical resistance (TER; R T ) and permeability to fluorescent dextran.
Results: Basal TJ gene expression of claudin-1 and occludin was significantly upregulated in asthmatic children compared to non-asthmatics; however, no difference was seen with ZO-1. Interestingly, claudin-1, occludin and ZO-1 protein expression was significantly reduced in AEC of asthmatic children compared to non-asthmatic controls suggesting possible post-transcriptional inherent differences. HRV infection resulted in a transient dissociation of TJ and airway barrier integrity in non-asthmatic children. Although similar dissociation of TJ was observed in asthmatic children, a significant and sustained reduction in TJ expression concurrent with both a significant decrease in TER and an increase in permeability in asthmatic children was observed.
Conclusion: This study demonstrates novel intrinsic differences in TJ gene and protein expression between AEC of children with and without asthma. Furthermore, it AK, SMS contributed equally to this work tions, 1 which can lead to increased susceptibility to further injury. 2 In addition, early studies have also demonstrated that the epithelium in asthma is damaged. 3, 4 Resultant disruption of the epithelial barrier would then present the opportunity for infectious bacteria, virus and environmental particles to penetrate the airway epithelium. This in turn triggers subsequent immune and inflammatory responses that would cause further damage to the airway epithelium. Several studies have identified potential causes of epithelial barrier disruptions in asthma such as proteolytically active allergens and respiratory viruses. [5] [6] [7] However, it is also apparent that TJ disruption can occur in fully differentiated epithelial cell cultures from adults with asthma in the absence of exogenous stimuli. 8 Hence, it remains unclear whether the observed TJ abnormality in the asthmatic epithelium is intrinsic or a consequence of external stimuli. Furthermore, it is unknown whether these potential differences extend to children with asthma for whom the asthma burden is the greatest. 9 Respiratory viruses such as respiratory syncytial virus (RSV), influenza and human rhinovirus (HRV) have all been shown to cause disruption of the epithelial barrier and altered innate immunity defences. [10] [11] [12] In this context, HRV has been identified as a primary trigger in the majority of asthma exacerbations in children. 6, 7, 13 Although HRV typically affects the upper airways, evidence also suggests the possibility of lower airway infection and subsequent increased bronchial responsiveness in patients with asthma. 14, 15 Previous in vitro and in vivo studies have shown elevated HRV replication in the setting of asthma [16] [17] [18] [19] despite no significant differences in viral load being observed between asthmatics and non-asthmatic cohorts following a natural cold, 20 We have previously identified intrinsic biochemical and functional differences between AECs derived from children with and without asthma and have also shown that these differences were maintained over consecutive passages, which indicates that the differences observed are not dependant on an in vivo environment 21 We have also demonstrated impaired responses of AECs from children with asthma to HRV 1 and have recently explored the effects of HRV on TJ expression, protein disassembly and epithelial permeability in modified non-diseased human airway epithelial cells and demonstrated a direct association between HRV infection with a loss in junctional protein expression and a subsequent increase in airway epithelial permeability. 22 In this study, we wanted to extend the observations to both diseased and non-diseased airway epithelium and hypothesized that there are baseline differences in asthmatic airway TJ expression that result in a higher permeability. Furthermore, we hypothesized that HRV would result in an exaggerated change in airway TJ, which in turn would affect barrier integrity and permeability to different sized molecules. Using cell cultures obtained from our paediatric cohorts, we show that there is significantly lower TJ protein expression concomitant with lower epithelial resistance in
AECs from children with asthma compared to non-asthmatic controls. We also demonstrate for the first time, that HRV causes prolonged TJ dissociation and the resultant increase in permeability and loss of epithelial resistance in AECs from asthmatic children. 
| MATERIALS AND METHODS

| Reagents
| Rhinovirus and infection
Human rhinovirus minor serotype 1B (HRV-1B) was propagated in HeLa cells and viral titre determined as previously described. 
| Quantitative PCR (qPCR)
Gene expression of claudin-1, occludin and zonula occludens-1 (ZO-1) was determined via a two-step RT-PCR reaction as previously described 21 using gene-specific primers ( 
| Cytokine assays
Cytokine concentrations were measured in collected supernatants using commercial ELISA kits. Proteins measured included IL-4 and IL- T A B L E 2 Oligonucleotide primer sequences used in the study
to detect the immobilized capture antibodies and Streptavidin-Peroxidase used at the detection agent. Standard curves were generated using serial dilutions of recombinant IL-4 and IL-13 between the ranges of 31.2-2000 pg/mL and 93.8-6000 pg/mL, respectively, and sample concentrations determined from triplicate values.
| Immunocytochemistry
Primary AECs cytospun onto slides (20-50 9 When confluent, ALI cultures were infected with HRV-1B (10 9 10 4 TCID 50 /mL) for 24 hours and paracellular permeability subsequently assessed using a transepithelial permeability assay using fluorescein isothiocynate labelled dextran (FITC-dextran) to determine apparent permeability of HRV-1B infected and non-infected control inserts as previously described. 22 The apparent permeability of the epithelial monolayer to FITC-dextran from the apical to basolateral compartment (P app ) was then calculated following the general equation: P app = (dQ/dt) 9 (1/AC 0 ) where dQ/dt is the steady-state flux, A is the surface area of the membrane and C 0 is the initial concentration in the donor compartment as previously described. 31 
| Statistics
Experiments were performed in at least triplicates, and all parametric data were analysed using Student's t-test. For all non-parametric data, analysis was performed using a Mann-Whitney test. Data presented as mean AE SD and all P values less than .05 were considered to be significant.
| RESULTS
| Cohort characteristics
The clinical characteristics and demographics for study participants are provided in Table 1 . Of the 134 study participants recruited, 56
were non-asthmatic, had no response to any of the allergens tested to a panel of allergens tested. We conducted an initial series of experiments on a subset of children with and without asthma, to assess whether atopy had any influence on paracellular permeability to FITC-dextran (20 kDa). Results showed no significant difference in the observed barrier permeability between non-atopic and atopic subjects with and without mild asthma (Figure 1 ). Thus, all recruited subjects were classified as "non-asthmatic" or "asthmatic" irrespective of atopy and all analysis performed comparing these two groups.
| Basal tight junction gene expression-Ex vivo
We first determined the basal expression levels of three sentinel TJs,
claudin-1, occludin, which are pivotal in the regulation of barrier integrity and ZO-1 which is central in supporting the formation of TJs. Interestingly, results showed significantly higher levels of basal TJ mRNA expression of claudin-1 (1.4-fold) and occludin (2.6-fold) in AECs of asthmatic children compared to their non-asthmatic counterparts (Figure 2A & B; P < .05) but ZO-1 mRNA expression was not statistically different ( Figure 2C ). In comparing the three TJ, claudin-1 was the most highly expressed (non-asthmatic, 7.86AU AE 0.95; asthmatic, 11.28AU AE 1.03), followed by occludin (non-asthmatic, 2.26AU AE 0.18; asthmatic, 6.04AU AE 0.34) and ZO-1 being the least expressed (nonasthmatic, 1.07AU AE 0.12; asthmatic, 1.16AU AE 0.1) (Figure 2 ). 
| Effect of HRV infection on cytokine release
Triplicate measurements were performed to assess the production of IL-4 and IL-13 following HRV-1b infection in AECs obtained from five non-asthmatic and asthmatic children, respectively. There was no significant IL-4 and 13 release detected at the titre used in this investigation (data not shown).
| Effect of HRV infection on membrane tight junction expression in ALI cultures
We performed immunofluorescence confocal microscopy to examine whether a decrease in ZO-1 and occludin expression was similarly increase in epithelial permeability. This sustained elevation in F I G U R E 7 Transepithelial electrical resistance (R T ) and permeability in ALI cultures from AECs of children with and without asthma: A, Corroborating the reduced R T, an increase in transepithelial permeability towards both FITC-dextran 4 and 20 kDa was observed in AEC ALI cultures of children without asthma following 24 h HRV-1B infection. Epithelial permeability towards FITC-dextran 4 kDa was significantly higher when compared to FITC-dextran 20 kDa in non-infected and infected AEC ALI cultures of children without asthma. Significant reduction in R T was concomitant with significant difference in transepithelial permeability towards FITC-dextran 4 kDa but not 20 kDa in AEC ALI cultures of children with asthma following infection. However, permeability towards FITC-dextran 4 kDa was significantly higher when compared to FITC-dextran 20 kDa in non-infected and infected AEC ALI cultures of children with asthma. Data presented as mean AE SD from 6-8 independent experiments. B, Significant decrease in membrane protein expression of claudin-1 (•), occludin (■) and ZO-1 (▲) was observed following infection with HRV-1B at 24 h in the non-asthmatic cohort. However, at 48 h post-infection, a significant increase towards non-infected levels was observed in non-asthmatic airway epithelial cells. This was concomitant with a significant increase in transepithelial permeability to FITC-dextran 4 kDa at 24 h following infection and a subsequent decrease in epithelial permeability at 48 h. C, Significant difference in membrane protein expression of claudin-1 (○), occludin (□) and ZO-1 (M) was observed in asthmatic AECs at 24 h post-infection compared to 0 h. Further significant decrease in expression was observed at 48 h following infection compared to 0 h and was concomitant with a significantly sustained decrease in epithelial permeability at the same time points. *Statistical significance relative to non-infected control (P < .05) permeability could potentially increase epithelial susceptibility towards the trafficking of pathogens into the subepithelial space. 
